ABSTRACT Based on the energy flow inside phosphor materials, a prediction model and its modeling method for the thermal effect and optical properties of phosphor converted white light emitting diode (LED) are proposed in this paper. With the phosphor characteristics (excitation wavelength, phosphor temperature, thickness, light absorption and conversion coefficients), it is possible to accurately quantify the heat dissipation coefficient and optical power of the white LED device, and then to estimate the emission power and luminous flux. The modeling consists of a series of optical and thermal evaluation, which are simple for LED designers to comply. Using samples of LED sources and phosphor material, the proposed prediction model has been validated in experiments, where good agreements between calculations and practical measurements have been achieved.
I. INTRODUCTION
High-power LEDs, owing to their low energy consumption, long lifetime and environmental safety, are considered to be the fourth generation light source [1] . Currently, phosphorconverted LEDs based on combination of blue LED chip(s) and yellow YAG:Ce phosphors have become the mainstream commercial high-power white LEDs [3] . In white LEDs, the blue LED chip turns the injected electrical power into the blue light accompanied with a fraction of heat dissipation. YAG:Ce phosphors then partially absorb the emitted blue light through the allowed 4f 1 -5d 1 transition and emit yellow light via the reverse 5d 1 -4f 1 transition [4] . The desired white light is consequently generated by mixture of the transmitted blue light and converted yellow light. Apart from converted into yellow light, the blue light emitted from blue
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LED chip is also dissipated as heat in the phosphor layer where light scattering, light conversion and light absorption occur simultaneously [6] . Compared with blue LED devices, the power flow structure of phosphor-converted white LED devices is slightly more complicated due to the presence of the phosphor coating [7] . High phosphor temperature will be result in the severe thermal quenching problem, which will decrease the efficiency, deteriorate the reliability, and shorten the lifetime [5] . Although thermal quenching has been regarded as a significant obstacle to development of high power phosphor-converted LED, there are quite few efficient methods for evaluation. Monte-Carlo ray-tracing simulations (such as Tracepro and LightTool software) have been widely used to evaluate the optical performance of phosphor-converted LEDs [2] . In the most methods used for phosphor modeling, the optical and thermal effects were independent of each other and it may not lead to misunderstanding because phosphor temperature is relatively low VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ and the thermal quenching effect is not severe. But for phosphor-converted LED, the thermal quenching is too significant to be ignored [8] . Actually, light scattering, absorption, conversion and thermal quenching are interacted with each other, making it difficult and complicated for the numerical simulation. Moreover, the optical performance has complex dependencies on excitation wavelength and it is hard to establish the exact relationship between them. Currently, the phosphor scattering model only considers the light-toheat conversion part with a constant excitation wavelength. Actually, the essence of optical performance is the temperature and excitation wavelength of the phosphor materials. In other words, the optical performance of phosphor converted LED device can be affected by thermal and optical properties of phosphor layers [14] . There is still a lack of understanding on such aspects, which are important for the optimization of the phosphor converted LED device design. The phosphor layer, as an essential component, has a dramatic impact on both optical properties and thermal performance of the white LED device [8] . It is noted that optical properties of the phosphor layer, typically the emission spectrum, are seriously affected by the package technology, excitation wavelength and phosphor temperature [12] . For a given YAG:Ce phosphor material, only excited by the blue spectrum with a suitable wavelength, does the emission spectrum has a relative larger optical power and better matches with the original blue light, thereby to generate high quality white light. The thermal effect and thermal management for phosphor-converted white LEDs have attracted wide attention, since the phosphor materials used are generally thermal sensitive [13] . In the phosphor layer, heat is continuously generated due to the Stokes shift and quantum yield losses. If not dissipated effectively, the heat will accumulate together with that part conducted from the LED chip. The accumulation of heat within the phosphor layer can increase both the junction temperature and phosphor temperature, and further negatively influence the optical properties and longterm operating reliability of the white LED devices [15] , [16] . This is the so-called thermal quenching effect. Especially for high-power white LEDs, the thermal quenching effect becomes more serious, as heat generated in packages will increase with increasing power consumption [4] , [17] . Therefore, it is no accident that good thermal management for the high-power phosphor-converted LED has always been a key design parameter for both packaging and system application. Although the emission spectrum of the phosphor exhibits a high dependence on both the excitation wavelength and phosphor temperature, no quantitative modeling has been previously reported. Apparently from the above, it is necessary and of great importance to further understand the optical and thermal properties of YAG:Ce phosphors, as well as effects of YAG:Ce phosphors on the optical and thermal properties of high-power phosphor-converted white LED devices. One of the main reasons of LED product failure is that many LED product designers are electronic engineers with switched mode power supply background and without light science knowledge [24] . They tend to design the LED system without much understanding of the phosphor behaviors. As the paper pointed out, we hope to prepare the paper for practicing electronics engineers who do not have light science or phosphor background, and to suggest the inclusion of a few simple parameters that should be easily understood by them in future phosphor and LED device data sheets.
In this paper, we attempted to develop an optical-thermal coupling model to study phosphor quenching effects on optical and thermal performance of phosphor converted LED device. The interacted optical and thermal effects on the phosphor converted white LED devices were coupled by introducing the phosphor characteristics. On the basis, a quantifiable model for predicting optical and thermal performance of phosphor-converted white LED devices is established, in which optical and thermal interactions of the phosphor layer are taken into account. In this way, the existing phosphor model could be extended to evaluate the phosphor thermal quenching effects. In addition, the complicated optical converted and heat flow processes were simplified into a series of analytical equations. With this prediction model and phosphor characteristics (excitation wavelength, phosphor temperature, thickness, light absorption and conversion coefficients), it is possible to qualify the optical performance of the phosphor material, to estimate the optical power and heat dissipation generated by the white LED device. Optical and thermal experiments were conducted to verify the model. Based on this model, we systematically studied the effects of various factors on critical.
II. THERMAL AND OPTICAL PERFORMANCE OF PHOSPHOR AND PHOSPHOR-CONVERTED WHITE LED DEVICE A. ENERGY FLOW PATH OF PHOSPHOR
In LEDs, electrical power is converted into both light and heat. The power flow structure of the phosphor-converted white LED is slightly more complicated than that of the blue LED due to the presence of the phosphor coating. In the following analysis, the blue LED and white LED which have the identical blue LED chip are set to be injected with identical electrical power. Therefore, for the blue LED, the heat dissipation coefficient k h,b can be expressed as:
where P d,w is the electrical power of the blue LED (equals to that of the white LED), and P heat,b and P opt,b are the heat power and optical power of the blue LED, respectively. In terms of the white LED, its desired white light is the mixture of blue light and yellow light, and heat dissipation occurs in both the blue LED chip and phosphor layer. Therefore, the heat dissipation coefficient k h,w of the white LED is:
where P heat,w is the total heat power of the white LED, P heat,p is the heat power consumed by the phosphor layer, P opt,w is the total optical power of the white LED, and P opt,b(w) and P opt,p(w) are optical power respectively of the blue spectrum and yellow spectrum transmitted from the white LED package. Obviously for the white LED, P opt,w is the sum of P opt,b(w) and P opt,p(w) , and P heat,w is the sum of P heat,b and P heat,p . The equation (1) and (2) assumes that the total heat loss in the PC-LED package will consist of blue chip and phosphor layer. It neglects the other loss in the package cavity. In the lighting research community, there are different levels of needs. The LED device research and LED system research communities have different needs. For design engineers, the basic power flow path for the equation (1) and (2) is sufficient. But in the process of research, the flow path pointed out by the reviewer is not informative enough. It must include the other loss in the energy transfer.
Within the white LED, energy of the blue light emitted from blue LED chip undergoes conversion and consumption in the phosphor layer simultaneously. Consequently, the blue light emitted from blue LED chip can be divided into three parts: a portion is absorbed by the phosphor layer and converted into yellow light, another portion is transmitted through the optical cover of the white LED package, and the rest is dissipated into heat. Based on the Lamber-Beer's law [15] , [18] , the power gradient for the blue light in the phosphor layer is
where α B is a coefficient of blue light absorption in the phosphor layer, z is the displacement in the z-direction. At z = 0, the optical power of blue light is P opt,b , while the optical power of phosphor light is zero. At z = h (where h is the thickness of phosphor layer), the optical power of blue light is P opt,b(w) . Due to the high transmittance of silicone encapsulating, both blue light and yellow light are slightly absorbed by silicone, and the resultant energy dissipation is negligible [19] . Hence, according to the boundary conditions, equations can be derived as below
where P opt,p(w) is the optical power of the yellow light of the white LED at z = h. α B (λ) is the absorption spectrum, P opt,b is the spectral power distribution of the blue LED. It represents the power of yellow light emitted out from the white LED package. It is noted that the Lambert-Beer's law is a well-known theory in the area of phosphor modeling, and has been commonly used for studying LED devices by the Physicists [22] , [23] .
B. EMPIRICAL OPTICAL MODEL OF PHOSPHOR
It is known that phosphor temperature, excitation wavelength and package technology seriously affect the optical properties of the phosphor, typically the emission spectrum. In the case of phosphor-converted white LED device, the junction temperature of the LED chip is in connection with the operating current, heatsink size and phosphor characteristics [21] . Generally, the amount of radiant flux will affect the phosphor temperature, and in turns affect the junction temperature of the LED. Conversely, the junction temperature of the LED can influence the phosphor temperature, and thereby influence the emission spectrum of the phosphor. Therefore, the proposed empirical optical model should include such thermal interdependency effect. For experimental setup, a temperature-controlled heatsink is adopted to enable the temperature of the mounting plate (on which the phosphor material is placed) to be controlled. Combination with the exciting spectral and thermal quenching analyzer for phosphors (EX-1000), practical measurements of the relative intensity of phosphor under different phosphor temperatures at fixed excitation wavelength of 455 nm are obtained and shown in Fig.1 . The phosphor temperature is from 22 • C and 203 • C. Measured phosphor thickness is 3 mm. In practical operating ranges, the optical power of phosphor P opt,p is regarded as linearly proportional to phosphor temperature T p with constant excitation wavelength λ e,0 . Therefore, the optical power of phosphor P opt,p can be assumed as a linear function of phosphor VOLUME 7, 2019
where a 1 is a constant representing the slope and a 2 is another constant. Both a 1 and a 2 can be obtained from the measurements in the Fig. 1 . To establish the dependence of the optical power of phosphor on the excitation wavelength, the phosphor material is operated at constant phosphor temperature T p,0 . Using the exciting spectra and thermal quenching analyzer for phosphors (EX-1000), practical measurements of the relative intensity changing with excitation wavelength are obtained and shown in Fig. 2 . Apparently, the light output nonlinearly changes as the excitation wavelength rises. For modeling of the optical power of phosphor P opt,p , a piecewise linear solution is applied as given in Fig. 2 , the expression is shown in the following
The spectral power distribution of absorption spectrum α B (λ) are typically modeled with a Gaussian function.
where P B is optical power for spectral power distribution of absorption spectrum, σ is dependent on the excitation wavelength λ e and FWHM λ. FWHM is the full width at half maximum, which describes the spectral width of the absorption spectrum. From (7) and Fig. 2 , the equation points out an important issue that increasing the excitation wavelength will not always increase the optical power of phosphor. At the beginning, the optical power of phosphor increases with increasing excitation wavelength up to a maximum value. After the optical power reaches the maximum point, the optical power will drop off due to further increase in excitation wavelength. It is noted that the measured excitation wavelength in the work is from 415 nm to 495 nm. The applied range of equation 7 is not limited to 495 nm, because the excitation wavelength is different with phosphor materials. For the LED package device, it is noted that the excitation wavelength means the peak wavelength of the blue LED chip. The peak wavelength-injection current curve for the blue LED can be divided into the different-shift regions. In the low injection current range, the peak wavelength decreases approximately linearly with increasing current, which reflects the domination of the piezoelectricity-induced quantum confined Stark effect. As the junction temperature increases with increasing electrical power, the peak wavelength moves linearly towards longer wavelength with increasing injection current due to energy-gap narrowing.
Several important observations are obtained from (7): (i) At low excitation wavelength level, the increase in excitation wavelength will increase the optical power of phosphor and upon reaching a maximum point. Beyond the maximum point, further increase in excitation wavelength will on the contrary lead to dropping of the optical power. It means that the relationship between the excitation wavelength and the optical power of phosphor is of nonlinear behavior and has a maximum value. Therefore, there are two excitation wavelengths λ e,1 and λ e,2 , which given the same light output of the phosphor. These two point converge at the minimum optical variation when λ e = λ e,1 = λ e,2 . (ii) For given thermal resistances of heatsink and LED device, the decrease in injection current will reduce heat concentration and energy-gap narrowing. Thus, the reduction of junction temperature is major cause of blue-shift for emitted wavelength. (iii) The light output of the phosphor versus excitation wavelength is nonlinear nature. The same variation of excitation wavelength can results in different variations of light output of the phosphor. As shown in Fig. 2 , a small variation of the excitation wavelength (from 445nm to 455nm) has led to a larger variation of light output for the phosphor (21.8%) due to the change in the spectral power distribution. (iv) Under a given thermal design, it has a small gradient around the maximum light output of the phosphor. Thus, a relatively large dimming range with small optical power variation is possible. As shown in Fig. 1 and Fig. 2 , the variation of the emission intensity of the phosphor is fairly linear with the phosphor temperature and simultaneously nonlinear with the excitation wavelength. Therefore, based on the combination of (6) and (7), the optical power of phosphor P opt,p can be expressed by a 2-D function of excitation wavelength and phosphor temperature [20] in the following equation
if λ e,min ≤ λ e < λ e,high
if λ e,high ≤ λ e (9) Since coefficients a 1 , a 2 , b 1 and b 2 can be extracted from a series of measurements, equation (9) indicates the high dependence of emission intensity of the phosphor on both the excitation wavelength and phosphor temperature. It should be noted that equation (8) parameters are specific model parameters and not characteristics of the phosphor material. The variation of the phosphor concentration or thickness must require a series of calibration measurements and thus recalculate the model parameters. However, no quantitative modeling has been previously reported to relate these two factors to the emission intensity of the phosphor. Equation (9) provides a new formulation to predict the optical power of phosphor at any phosphor temperature and excited by any excitation wavelength. According to the proposed theory, therefore, LED manufacturers can measure and calculate the optical power of phosphor for inclusion in future data sheets of phosphor-converted LED devices.
The ratio between the optical power of the phosphor spectrum P opt,p and the optical power of the excitation spectrum P opt,e is also related to the excitation wavelength and phosphor temperature. The excitation source is isolated from the phosphor material with temperature-controlled heatsink. It means that the temperature of phosphor materials can be controlled independently. The temperature of excitation source keeps ambient temperature. Therefore, it is reasonable to assume that the optical power of the excitation wavelength P opt,e keeps constant. In the experiments, the excitation spectrum of excitation source and emission spectrum of phosphor materials is only measured by the relative intensity. Therefore, P opt,p /P opt,e with excitation wavelength and phosphor temperature is introduced into the proposed model. It links to the relationship between excitation spectrum and emission spectrum with temperature and excitation wavelength. Using the practical measurements shown in Fig.3 , the ratio of P opt,p /P opt,e can be established as a function of the phosphor temperature at constant excitation wavelength of 455 nm. The relationship between the P opt,p /P opt,e and phosphor temperature T p at constant excitation wavelength λ e,0 operation is fairly linear and can therefore be approximated as a linear function where f 1 is a constant representing the slope and f 2 is another constant. Both f 1 and f 2 can be obtained from the measurements in the Fig. 3 . To establish the dependence of the P opt,p /P opt,e on the excitation wavelength, the phosphor materials is operated at constant phosphor temperature. In the experiments, the excitation source is only controlled by the parameters of excitation wavelength. The output power of excitation source is uncontrollable. The practical measurements of the P opt,p /P opt,e varied with the excitation wavelength are obtained and shown in Fig. 4 . It can be seen that the P opt,p /P opt,e is approximately nonlinearly proportional to the excitation wavelength at constant phosphor temperature T p,0 . Here, theP opt,p /P opt,e can be expressed as a nonlinear quadratic function of excitation wavelength λ e P opt,p P opt,e T p,0 , λ e = h 1 λ
where h 1 , h 2 and h 3 are constants that can be extracted from Fig.4 with constant phosphor temperature.
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Therefore, the function of P opt,p /P opt,e can be constructed as the following equation
where t is the intersection value of functions (10) and (11), i.e. the value of P opt,p /P opt,e at point (T p,0 , λ e 0 ). It should be noted that (12) can be used to estimate the P opt,p /P opt,e of the phosphor materials at given ranges of phosphor temperature (from 23 • C to 206 • C) and excitation wavelength (from 425 nm to 495 nm). Equation (12) links the P opt,p /P opt,e to the excitation wavelength and phosphor temperature together.
C. OPTICAL MODEL OF PHOSPHOR-CONVERTED WHITE LED DEVICE LINKING TO OPTICAL PROPERTIES OF PHOSPHOR
The ratio between the optical power of the blue spectrum and the optical power of the phosphor spectrum for the white LED device, is related to the ratio between the optical power of the excitation spectrum and the optical power of the phosphor spectrum for the phosphor material, and this relationship can be expressed as
where P opt,p is the optical power of the phosphor spectrum for the phosphor, P opt,e is the optical power of the excitation spectrum for the phosphor,P opt,p(w) is the optical power of the phosphor spectrum for the white LED device, P opt,b(w) is the optical power of the blue spectrum for the white LED device, γ is the conversion coefficient that is dependent on the optical properties of the phosphor material. Putting (13) into (4), the optical power of the phosphor spectrum in the white LED device can be expressed as
Hence, the optical power of the white LED device can be rewritten as
Referred to aforementioned analysis, the optical power of phosphor P opt,p is dependent on both the excitation wavelength and phosphor temperature, thus, (15) can be expressed as
where h 1 , h 2 , h 3 , f 1 , f 2 and t are related to the ratio of P opt,e /P opt,p for the phosphor material with specific excitation wavelength and phosphor temperature. Several important points about (16) should be noted: (i) Equation (16) links the optical power of the white LED device P opt,w to the optical power of the blue LED device P opt,b , excitation wavelength λ e , phosphor temperature T p and phosphor characteristics (α B , γ , h) altogether. The parameter of γ is obtained using by a series of measured spectrum ratio for the phosphor materials and white LED device with identical phosphor layers. It should be recalculated with the variation of phosphor concentration. It is noted that The linking model for the phosphor materials and white LED device in equation (13) assumes that the parameters of γ is constant with experimental parameters (such as current, heatsink temperature, excitation wavelength and phosphor temperature). It is an equation that integrates both phosphor properties and optical properties of the white LED device.
(ii) For a given blue LED chip integrated into a phosphorconverted white LED device, the optical power of the white LED device is dependent on the phosphor properties such as phosphor temperature T p , excitation wavelength λ e , phosphor thickness h, light absorption coefficient α B , as well as light conversion coefficient γ . (iii) Since h 1 and h 2 can respectively be deduced as negative and positive, when the excitation wavelength is increased within the low wavelength range, the P opt,w increases quasi-linearly and reaches the maximum value at the excitation wavelength λ e * . As excitation wavelength further increased, the P opt,w will decrease, instead. In this case, if the heat dissipation coefficient becomes larger due to the inclusion of phosphor materials or the fabricated process of the phosphor-converted white LED, the phosphor temperature will increases more seriously and thereby to shift the optical power P opt,w to a lower value. (iv) LED manufacturers can use parameters such as λ e , T p , α B , γ and h into (16) to quantify the optical performance of the phosphor material and predict the optical power generated by a white LED device. Furthermore, they can apply this extended theory in optical performance optimization for the phosphor-converted white LED device, thus to determine the optimum phosphor thickness h * and optimum excitation wavelength λ * e . It is noted that If the emission power of the phosphor materials increases with excitation wavelength up to a maximum value, the value of the excitation wavelength λ * e is the peak of the phosphor's absorption spectrum. Otherwise, the excitation wavelength is not the peak of the phosphor's absorption spectrum
III. EXPERIMENT VALIDATION FOR THE PROPOSED MODEL
The proposed model is built upon results obtained from samples through a series of experiments. There are three samples used for investigations, two are high-power LEDs with the identical blue LED chip, and the other is a YAG:Ce phosphor material, as shown in Fig.5 . The first LED sample is packaged by the transparent silicone cover without phosphor coating, and is used as a blue LED device for comparison. It is termed as ''blue LED'' in this paper. The second LED sample is a phosphor-converted LED device with phosphor coating under the transparent silicone cover, and it is termed as ''PC white LED''. The fabrication process of the PC white LED is described as follows. The bowl-shaped YAG:Ce (manufacturer: Intematix, reference number: YAG-05) phosphor layer with mixing transparent epoxy is prepared and solidified. The blue LED chip is placed on the metal plate, and connected to the electrodes. The phosphor layer and transparent silicone cover are in sequence mounted on the blue LED chip. The blue LED chip is an InGaN LED chip with sapphire substrate of 1 mm 2 and peak wavelength of 447 nm. The chip is packaged in Cu heatsink using attached material of Ag epoxy, and then connected on the MCPCB via a silica gel. In experiments, the LED samples under test are mounted onto a Peltier-cooled fixture. The Peltier-cooled fixture is used to control the phosphor temperature and LED case temperature for optical measurements, and it is also used as an active temperature-controlled cold-plate for thermal measurements. Therefore, the Peltier-cooled fixture can be treated as a temperature-controlled heatsink.
The framework of experimental setups is shown in Fig 5 . The optical measurements of the phosphor material are performed under steady-state thermal and electrical conditions using the exciting spectra and thermal quenching analyzer for phosphors (EX-1000). The different excitation wavelengths are applied in the temperature range of 25-200 • C at the incremental step of 45 • C for calibrations of the temperaturesensitive parameters. The emission spectrum of the phosphor is measured only after 20 minutes of driving excitation wavelength while the phosphor temperature is being kept constant. The optical measurements of the LED samples are performed under steady-state thermal and electrical conditions using the HASS-2000 spectro-photocolorimeter with an integrating sphere (measured after 20 minutes of operation at different current and at an ambient temperature of 25 • C). 
A. OPTICAL PERFORMANCE OF THE PHOSPHOR WITH EXCITATION WAVELENGTH AND PHOSPHOR TEMPERATURE
In this section, the results of optical properties for the phosphor with excitation wavelength and phosphor temperature are discussed. The optical performance is measured at different excitation wavelengths and phosphor temperatures. The parameters required for (9) can be determined from measurement data in Fig. 1 and Fig. 2 using fitting method. Fig.6 shows the calculated and measured relative intensity of the phosphor light as a function of the excitation wavelength and the phosphor temperature. The average deviation between the calculations and the measurements is about 9.7%. The maximum deviation between the calculations and the measurements is 17.3%. The theoretical and measured results are in good agreement. For experiments, a temperature-controlled heatsink is adopted to enable the temperature of the mounting plate (on which the phosphor material is placed) to be controlled. The phosphor materials consist of multiplicity particles. The temperaturecontrolled heatsink could not provide high-precision control on the phosphor temperature. It means that the practical phosphor temperature may be lower than target temperature due to imperfect heat flow path. That is major cause of errors between the calculations and measurements in Fig 6. The re-emitted light increases with the excitation wavelength (from 425nm to 465 nm), the probability of the blue light being absorbed increases, resulting in an increase in the re-emission of yellow light. After reaching the maximum optical power (at the excitation wavelength of 465nm), the absorbed probability of the blue light decreases, leading to a decrease in the re-emission of yellow light.
The output of yellow light also depends on the phosphor temperature. In the phosphor layer, a fraction of the blue light undergoes the Stokes shift and the wavelength of the radiated light will slightly increase. Meanwhile, heat will be generated due to Stokes shift and light absorption, which can increase both the chip junction temperature and the phosphor temperature. As shown in Fig. 6 (b) , an increase in the phosphor temperature may decrease the optical power of phosphor. It is because that the probability or amount of blue light absorbed and converted to yellow light is decreasing with the increasing phosphor temperature.
Based on (12), the calculated P opt,p /P opt,e curves are plotted along with the measurements in Fig. 7 . The average deviation between the calculations and the measurements is about 6.3%. The maximum deviation between the calculations and the measurements is 16.8%. The calculated values using the proposed model are generally much consistent with the measured ones. It is pointed out that absorption rate in Fig. 6 and Fig. 7 is phosphor specific and only valid in the context of the modeling of a particular phosphor material.
B. OPTICAL POWER OF THE PHOSPHOR-CONVERTED WHITE LED DEVICE
To verify the results obtained from the phosphor material, the PC white LED device with the identical phosphor material has been fabricated whose phosphor thickness h is around 0.3 mm. The photon absorption coefficient (α B ) of the phosphor can be calculated based on absorption spectrum provided by phosphor manufacturers, and the calculated result is around 24.6 cm −1 using by integration spectral range. The spectral power distribution of the PC white LED is measured with the integrating sphere system. The optical power of blue light P opt,b(w) and optical power of yellow light P opt,p(w) for the PC white LED device, as well as the optical power of blue light P opt,b for the blue LED device, can be determined by integrating their corresponding spectral power distribution curves. According to known phosphor characteristics (α B , γ , h) and P opt,b of the blue LED, the optical power of the PC white LED as a function of injection current and heatsink temperature is calculated using (16) and plotted in Fig. 8 . Based on the calculated optical performance of the PC white LED, the heat dissipation coefficient of the PC white LED changing with the heatsink temperature and injection current is obtained from (2) and shown in Fig 9. In general, the calculated results are consistent with the practical measurements. The average deviation between the theoretical and experimental results is about 7.6%. Relatively large errors occur at the low current range because the measurement errors of relative power tend to be large when the input power is very small. It is noted that the calculated P opt,w curves tend to be slightly smaller than the measured ones. The reason for this trend is that the simplified phosphor modeling in (16) ignores both the yellow light absorption by silicone and the light scattered back by the phosphor particles. In addition, it is assumed that blue light absorption in the phosphor layer is constant among different wavelengths. 
IV. CONCLUSION
A prediction model that combines the optical and thermal characteristics of the phosphor is proposed in this paper for studying phosphor-converted white LED source (PC white LED). The modeling method links the excitation wavelength and phosphor temperature of the phosphor to the optical, electrical and thermal characteristics of the PC white LED. The proposed model and its modeling method have been proved with a series of experiments, where three samples of two high-power LED and a YAG:Ce phosphor material are used. The good agreements between the calculated and VOLUME 7, 2019 measured results show that the proposed prediction model can offer good estimations of the heat dissipation coefficient and optical power for the PC white LED. This model method is especially suitable for applying to study thermal and optical characterization of the PC white LED systems with a given phosphor material. Furthermore, it offers LED designers and manufacturers a potential modeling and simulation solution for design and optimization of the high-power PC white LED device. YAN 
